The matrix-assisted laser desorption/ionization (MALDI) imaging mass spectrometric technique (IMS) offered a new breakthrough perspective in the analysis of drug abuse in forensic science; however, it only produced barcode-like images, semi-quantitative analysis. In order to develop intermittent monitoring by this IMS for forensic and medical sciences, it is important to quantitatively measure the contents of longitudinally sliced hair sections. We developed quantitative imaging mass spectrometry (QIMS) of nicotine (NC) in longitudinally sliced hairs by MALDI-IMS with the selected reaction monitoring mode using a labeled NC ( 13 C 3 -NC) standard for the serially chronological monitoring and traceability of NC intake in heavy smokers. The calibration curve of NC/ 13 C 3 -NC was virtually a linear equation at ranges from 1 to 50 ng/mL, the slope was 0.020, and the intercept was almost 0.023 and the R 2 was 0.9965. The limit of quantitation of NC was calculated as 1.6 ng/mg hair (an average weight of the hair would be assumed 0.06 mg/cm) by QIMS. Moreover, NC concentrations in two separate heavy smokers (n 5 3) were 8.5 + + + + + 1.2 and 34.5 + + + + + 2.8 ng/mg hair, respectively, and covariations were ∼10% using a single hair. Quantitative mass barcode-like image of sliced section of hair allowed for the quantitative assessment of NC concentrations in long-term smokers similar to drugs and medicines during drug histories.
Introduction
The combination of matrix-assisted laser desorption ionization time-of-flight mass spectrometry (MALDI-TOFMS) and an imaging mass spectrometric technique (IMS), known as MALDI-IMS, is a powerful technology for investigating the spatial distribution and expression levels of targeted disease-related proteins in tissue sections (1) . The IMS has also been used in the fields of forensic and pharmaceutical sciences to detect and identify drugs and medicines in various tissue sections (2, 3) . On the other hand, the analysis of compounds in hair has been performed with MS techniques combined with gas chromatography and liquid chromatography (LC) using extracts from a series of divided hair sections (4, 5) . These conventional MS analyses require many hairs, an extraction procedure and chromatographic separation before MS analysis, and can only yield the total amount per hair section. The IMS is ideally suited for the simultaneous, rapid and high-throughput analysis of complex mixtures in hair sections. Moreover, a longitudinally sliced section enables us to consecutively monitor the traceability of drugs and medicines over a long period of time.
We previously reported that IMS images of methamphetamine (MA) incorporated into hair were achieved by MALDI-IMS with the selected reaction monitoring (SRM) mode using scratched hairs from MA abusers (6) . This original method would be offered a new breakthrough perspective in the analysis of drug abuse in forensic science; however, it only produced barcode-like images, not quantitative analysis. In order to establish the monitoring of drug abuse using this new IMS in the fields of forensic and medical sciences, it is important to quantitatively measure the contents of longitudinally sliced hair sections (7) . Our group as well as other groups recently demonstrated that quantitative analysis by MALDI imaging MS -MS using a stable isotopic internal standard enabled the contents of small molecules to be determined in animal tissue sections (8 -10) . Quantitative MALDI imaging (QIMS) was improved in tissue sections by incorporating a uniformly applied internal standard coupled with the specificity of the MS -MS technique and scan-by-scan ion signal normalization. In this study, we applied an advanced method for the detection of nicotine (NC) in a single sliced hair by QIMS using 13 C-labeled NC (NC*) as the internal standard.
Experimental

Apparatus and methods
NC standard
(NC in methanol solution (1 mg/mL: purity ¼ 99%) was purchased from Tokyo-Kasei (Tokyo, Japan). NC-13 C 3 (3 0 , 4 0 , 5 0 -13 C 3 ; purity ¼ 99%) as a stable isotope-labeled internal standard was from CIL Inc. (Tokushima, Japan).
Specimens NC-free hair samples were provided from a volunteer who had never smoked. Blank hairs were reconfirmed to be NC-free by GC-MS. Spiked hair samples with NC were prepared from drugfree hair samples by soaking in 100 and 1,000 ng/mL methanol for 3 days at 378C under ultrasonication, followed by quick washing with water and drying.
We collected hair from 15 heavy smokers and seven nonsmokers after informed consent. The present study was approved by the Osaka Medical College Ethical Committee.
Sample preparation
The hairs were washed by the supersonic wave with 0.5% sodium dodecyl sulfate, distilled water and then methanol for 1 min each. After washing, the hairs were allowed to spontaneously dry on the paper. The washed hairs were cut to a 2-cm length and fixed on the conductive aluminum double fixed tape (ELECRYSTA TM , 751 H/10 mm Â 30 m, Nitto Denko, Japan). The fixed hairs were covered with a small amount of distilled water, and then frozen on the freeze unit of the EF-22 Sample Freeze Apparatus (Nihon Microtome Co., Ltd, Osaka, Japan) at 2208C.
A 2-cm length was suitable to longitudinally slice the hair by the apparatus. The surface of ice-embedded hair was sliced with the Rotary Microtome System (Nihon Microtome Co., Ltd, Osaka, Japan) until 40 mm thicknesses were obtained from the top of washed hair. Longitudinally sliced hairs were applied to IMS analysis. We prepared two spiked hairs to demonstrate the fundamental examinations with this quantitative imaging mass spectrometry (QIMS) using a stable isotopic NC standard. We divided two parts of these spiked NC hairs. One was provided for QIMS, and the other was for GC-MS. The spiked NC concentrations in the hairs were analyzed regarding the concentration of NC in the hair using GC-MS.
MALDI-IMS matrix deposition
Matrix layers on hair sections were deposited using an ImagePrep TM (Bruker Daltonics, Billerica, MA, USA). a-Cyano-4-hydroxycinnamic acid (HCCA; Sigma -Aldrich Inc.), as a matrix at a concentration of 7 mg/mL, was resolved in 60% acetonitrile containing 0.2% trifluoroacetic acid.
Solutions of the labeled NC standard (NC-3 0 , 4 0 , 5 0 -13 C 3 ) were added to the HCCA matrix solution at a final concentration of 50 ng/mL and were sprayed simultaneously with the matrix. The internal standard, a stable isotopic NC (NC-3 0 , 4 0 , 5 0 -13 C 3 ), was dissolved with the methanol, and then added to the CHCA matrix solution to adjust the final concentration to 50 ng/mL. The stable isotopic NC added with the CHCA matrix was homogeneously sprayed on the surface of the hair section with the ImagePrep.
MALDI-IMS conditions with the SRM mode MALDI-TOF-IMS analyses were performed on the TOF mass spectrometer autoflex speed (Bruker Daltonics, Billerica, MA, USA), which utilized a Smartbeam TM -II solid-state laser. Five hundred laser shots were accumulated per pixel for MALDI imaging, and spatial resolution of ion images was set at 50 mm. Imaging experiments were set up and evaluated using flexImaging 3.3 software. SRM datasets were acquired in the FAST-SRM mode under the following conditions: precursor mass, 163.2 Da; fragment mass, 132.2 Da; ion source, 19.28 kV and reflector voltage, 16.98 kV. Other parameters were set as follows: mass range of parent and fragment ions, 3.0%; ion selector, 2.5% of the precursor ion and window range, +4 Da.
Results and Discussion
The peak height of NC at a concentration of 50 ng/mL was almost equal to that of NC* as the stable isotope internal standard ( Figure 1a ). As shown in Figure 1b , the calibration curve of NC/ NC* was virtually a linear equation at ranges from 1 to 50 ng/ mL, the slope was 0.0201, the y-intercept was 0.02258 and the R 2 was 0.9965. The NC contents in the hairs could be expressed per a milligram hair as well as a 50 mm 2 of hair, which corresponded with the spatial resolution of the smartbeam laser. We estimated that the detection limit of NC was 0.1 ng/mL from the calibration curves, as shown in Figure 1C . It corresponded to 1.6 ng/mg hair because it was calculated in 50 mm diameter circle of the hair. At the Figure 1C , we added a description (dotted line) of noise levels of each MALDI spectrum and these NC contents in hairs were calculated with the peak-height ratios between NC and NC*. Moreover, NC concentrations in two separate heavy smokers (n ¼ 3) were 8.5 + 1.2 and 34.5 + 2.8 ng/mg hair, respectively, and covariations were 10% using a 2.0-cm length of hair (data not shown). Heat-map colored QIMS images enabled us to demonstrate the traceability of NC concentrations in 2.0 cm-length hairs ( Figure 1B and C) . We compared the concentrations of NC between intact and longitudinally sliced spiked hair by the QIMS. The contents of NC were calculated as nanogram per milligram hair from the calibration curves.
In the previous study, we preliminarily compared the NC contents with relatively percentages of the NC in the hairs, between the non-treated black and the longitudinally sliced hairs spiked with NC. The relative peak-height intensities of NC in the nontreated NC spiked hairs were 2.27 + 0.5, those on the longitudinally slicing were 7.33 + 1.5, respectively. The relative intensities on non-treated black hairs were decreased to " 30%", meaning one-third of the NC in the longitudinally sliced hairs. At the same time, we also compared with the contents of NC in the single, longitudinally sliced NC spiked hairs with/without artificially coloring. The relative intensities of the artificially colored hairs also 30% decreased than those of without coloring. As shown in Table I , NC concentrations in white or artificially colored (brawn) hairs were significantly lower than those in black hairs in white or artificially colored (brawn) hairs with the same smoking index per day over 20 years.
NC may accumulate in human tissues containing melanin and this accumulation may also affect melanin synthesis, although the role of melanin in NC uptake and metabolism has received little attention (11) . Similarly, the role of pigment has raised questions regarding the differential detection sensitivities of NC in various ethnicities or of possible gender bias in which hair treatments such as coloring and permanent treatments may remove deposited NC in hair (12) . Our results also demonstrated that the differential accumulation of NC in the hair of heavy smokers could also have implications for individuals with higher levels of melanin in melanocytes. The quantitative mass barcode-like image (QMBI) coupled with a stable isotope dilution technique using a longitudinally sliced hair could quantitatively monitor the traceability of drugs and medicines as well as NC over intervals of a few hours for long periods of time. On the other hand, conventional techniques frequently not only collect clinical samples, such as serum and urine, but also measure the contents of these samples for traceability of the drug history of each person.
Our new preparation has three advantages as follows: a single hair can be used to determine the content of NC in hair, no extraction procedure is needed and NC can be continuously monitored every few hours for 2 months, when we use a 2-cm length of hair.
First, longitudinal slicing of hair enabled rapid access to the medulla of the hair, in which NC is absorbed in proportion to smoking, so no extraction procedure is needed prior to QIMS. It takes only ca 5 min to prepare the longitudinally sliced hair using the microtome. The conventional preparation of hair includes extraction with organic solvents, evaporation of the solvents and/or derivatization. It takes a couple of hours in total. Figure 1C , we added a description (dotted line) of noise levels of each MALDI spectrum and these NC contents in hairs were calculated with the peak-height ratios between NC and NC*. (d) Heat-map colored QIMS images of NC concentrations in 2-cm length of longitudinal hair sections from seven separate habitual heavy smokers and three non-smokers.
Secondly, the limits of the detection of the NC content in the single sliced hair were 1.6 ng/mg hair. The high sensitivities of QIMS, the same as that of GC -MS and LC-MS, could be obtained with only a single sliced hair from smokers. Finally, the spatial resolution of the QIMS analysis in the present study was set at 50 mm, the same diameter as smartbeam-II. The 50 mm corresponds to the extension of hair for every 3 h, and so the data continuously indicated the timecourse of the intake of NC for every 3 h. On the other hand, the data with conventional GC-MS and LC-MS indicated the average contents of the NC in the extract from a 1-cm long hair of a smoker. The 1-cm long hair corresponded to hair extension for a month. As shown in Figure 1C , a heat-map image of NC concentrations at 3 h intervals, corresponding to the spatial resolution of ion images when hair was assumed to grow at a rate of 1.0 cm per month, may become a diurnal cycle of personal activity. However, establishing the correlation between drug spatial distribution hair and intake temporal information is not always straightforward for several reasons, such as the heterogeneous physiology of hair growth among individuals. Alternately, we may be able to perform more precise traceability of the drug history, drug dosage and compliance of drug intakes using only one hair if we can identify a marker index that coincides with the time axis in hair. Accordingly, a real-time axis in the whole hair from the root to the tip needs to be clarified in future studies.
Porta et al. (8) reported that the heat-map image of cocaine and relative quantification of its metabolites in an intact single hair were demonstrated by IMS and the MALDI triple quadrupole linear ion trap. Previously, we compared the contents of NC in hair prepared with intact and longitudinal slicing and confirmed that the contents of NC in sliced hair were at least three times higher than that in intact hair (data not shown). From our preliminary results, it appears to be important to use longitudinally sliced hair sections for the true estimation of the NC concentration in hair.
The SRM mode has generally been applied to acquire the selective detection and imaging of small molecules in tissue sections; therefore, it is suitable as a rapidly qualitative approach. Moreover, the stable isotope dilution method was shown to be the best technique to measure trace levels of small molecules in samples. Pirman et al. (9, 10) also demonstrated that quantitative analysis by MALDI imaging MS -MS using a stable isotopic internal standard enabled the contents of cocaine to be determined in animal brain tissue sections. The findings indicated that IMS coupled with the stable isotope dilution technique not only improved quantification but also identified instances of tissue-specific ion suppression resulting from either poor analyte extraction or ionization due to different tissue types.
Conclusion
The present study demonstrated the rapid, selective, continuous and quantitative IMS of NC in hair sections, even though affinity between the component and melanin needs to be addressed for the proper estimation of NC concentrations in hair. The QMBI technique described here can be used to not only clarify the mechanism of drug incorporation into the hair matrix and the reliability of hair analysis for drugs but also can be applied to the traceability of other drugs, medicines, cosmetics and active principles of healthy foods in hair. 
